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Abstract 26 
 27 
The late Pliocene (Piacenzian) in the Mediterranean region was punctuated by short-lived 28 
episodes of widespread deposition of organic-rich sedimentary layers known as sapropels. 29 
The causes of their formation remain a long-standing debate in the science community, and 30 
require disentangling the roles of climatic/oceanographic processes that triggered higher 31 
primary productivity or enhanced organic matter preservation. The lack of data, especially of 32 
sea temperatures at sufficient temporal resolution, is one of the main challenges to solve this 33 
debate. 34 
Here, we present new organic geochemistry and micropaleontological data from the late 35 
Pliocene at Punta Grande/Punta Piccola sections (southwest Sicily) that allow untangling the 36 
mechanisms that favored the formation of two sapropel series (noted S and A) in the central 37 
Mediterranean area during this period. Sea surface (SSTs) and subsurface temperatures were 38 
estimated using three distinct organic geochemical proxies namely the alkenone unsaturation 39 
index (UK’37), the long-chain diol index (LDI) and the tetraether index (TEX86). Reconstructed 40 
SSTs are relatively stable throughout the late Pliocene and ~4°C higher than modern 41 
Mediterranean SSTs, which is consistent with the climatic conditions inferred for this period 42 
from paleoclimate modeling. An increase in SST is, however, recorded by UK’37 and LDI 43 
proxies across each sapropel horizon, supporting that the two sapropel series S and A were 44 
formed during warmer climate conditions. The comparison of SST data with variations in 45 
accumulation rates of total organic carbon and lipid-biomarkers (alkenones, long-chain alkyl 46 
diols, archaeal and bacterial tetraethers), and with changes in calcareous nannofossil 47 
assemblages, indicates that the studied sapropels might have formed under different 48 
environmental conditions. The first series of sapropels (S), deposited between 3.1 and 2.8 Ma, 49 
is likely due to a better preservation of organic matter, induced by the development of a strong 50 
thermohaline stratification of the water column and to oxygen-depleted bottom waters. Higher 51 
terrestrial input that occurred between 3.1 and 2.8 Ma may interestingly explain the large 52 
discrepancies observed between TEX86 and UK’37-LDI temperature values during this period. 53 
The second series of sapropels (A), deposited between 2.7 and 2.6 Ma, is more likely due to 54 
enhanced primary productivity in a weakly-stratified water column. 55 
 56 
Keywords: Sapropels; Late Pliocene; Paleotemperatures; Calcareous nannofossils; Lipid-57 
biomarkers. 58 
 59 
1. Introduction 60 
The late Pliocene (Piacenzian; 3.6-2.59 Ma) was characterized by the cyclic deposition of 61 
dark, organic matter-rich layers named sapropels in the Mediterranean Sea. Their formation is 62 
argued to be triggered by pulses of freshwater supply to the Mediterranean associated with the 63 
strengthening of the precessionally-controlled African monsoon (e.g., Béthoux, 1993; 64 
Foucault and Mélières, 2000; Combourieu Nebout et al., 2004), which led to enhanced 65 
primary productivity and organic matter export to marine sediments (Pedersen and Calvert, 66 
1990), and/or enhanced water column stratification and improved organic matter preservation 67 
(e.g., Béthoux, 1993). Yet, the relative importance of increased export productivity versus 68 
organic matter preservation for the formation of sapropels is still uncertain. 69 
The sapropels from the Punta Grande/Punta Piccola sections (southwest Sicily; Figure 1), 70 
considered as a reference for the cyclochronology of the middle Pliocene (Lourens et al., 71 
1996), have been the subject of a number of chemical, mineralogical and palynological 72 
studies (e.g., Foucault and Mélières, 2000; Combourieu Nebout et al., 2004; Beltran et al., 73 
2007). However, studies have been focused on a relatively limited number of sapropel layers 74 
(S104-S107). In addition, only a few studies have attempted to reconstruct sea surface 75 
temperatures (SSTs) at high temporal resolution during the late Pliocene (Lourens et al., 76 
1996; Herbert et al., 2015). Lourens et al. (1996) estimated SSTs at Punta Grande/Punta 77 
Piccola using oxygen isotopes and planktonic foraminifera assemblages (ratio warm versus 78 
cold taxa). In the Mediterranean, the interpretation of oxygen isotope data is, however, 79 
complicated by strong hydrological variability (e.g., Colleoni et al., 2012). More recently, 80 
Herbert et al. (2015) described a high-resolution reconstruction of Mediterranean SSTs based 81 
on the alkenone unsaturation index (UK′37; Prahl et al., 1988) to provide the first continuous 82 
record of Mediterranean for the late Pliocene-early Pleistocene (3.5-1.5 Ma). 83 
Here, we have estimated marine temperatures from the Punta Grande/Punta Piccola section 84 
for the whole late Pliocene (3.6-2.6 Ma), using the indices UK′37, TEX86, and long-chain diols 85 
or LDI (Prahl et al., 1988; Schouten et al., 2002; Rampen et al., 2012). The TEX86 is based on 86 
archaeal lipids (isoprenoidal glycerol dialkyl glycerol tetraethers, also known as isoprenoidal 87 
GDGTs) and is generally considered to reflect the annual mean SSTs (e.g., Schouten et al., 88 
2013). However, several studies have argued that GDGT-based temperature proxy may, in 89 
some regions, better reflect subsurface temperatures rather than annual mean SSTs (e.g., 90 
Huguet et al., 2007). TEX86 is thus considered in the present study to integrate surface and 91 
subsurface water temperatures. We compared the reconstructed SSTs to changes in 92 
accumulation rates of calcareous nannofossils, total organic carbon (TOC) and lipid-93 
biomarkers (alkenones, long-chain alkyl diols and isoprenoidal and branched GDGTs). 94 
Alkenones are produced by Haptophyte algae (Marlowe et al., 1990), long-chain alkyl diols 95 
by Eustigmatophyceae (1,13- and 1,15-diols) and/or Proboscia diatoms (1,14-diols) 96 
(Versteegh et al., 1997; Rampen et al., 2007), and GDGTs by aquatic Archaea (isoprenoidal 97 
GDGTs; Schouten et al., 2002) or terrestrial soil bacteria (branched GDGTs; Peterse et al., 98 
2010). Changes in TOC, alkenone, long-chain diol, and isoprenoidal GDGT content, 99 
combined to calcareous nannofossil assemblages, provide reliable tracers of trophic 100 
conditions in the upper part of the water column (e.g., Rampen et al., 2007; Schouten et al., 101 
2013), while branched GDGT contents reflect terrestrial input into marine sediments (e.g., 102 
Hopmans et al., 2004). These new data are used to provide a comprehensive understanding of 103 
the environmental context in which sapropels were formed and to constrain the main 104 
mechanisms that favored their formation. 105 
 106 
2. Materials and methods 107 
 108 
2.1. Geological setting and sampling 109 
The Capo Rossello composite section is located in the Caltanissetta basin (southwest of 110 
Sicily) and presents an excellent stratigraphy based on magnetic-isotopic data and on 111 
calcareous nannofossil record (Rio et al., 1990; Hilgen, 1991; Lourens et al., 1996). The Punta 112 
Grande and Punta Piccola sections represent the upper part of the Capo Rossello composite 113 
section and outcrop some 10 km west of Agrigento along the road from Porto Empedocle to 114 
the Rossello beach (Figure 1). The Punta Grande section and the lower part (first 14 m) of the 115 
Punta Piccola section are characterized by marls and marly limestones of the Trubi Formation 116 
(Hilgen, 1991). The uppermost part of the Punta Piccola section comprises regular 117 
alternations of grey marls and light-grey marly limestones of the Monte Narbone Formation, 118 
with the cyclical occurrence of dark laminated (sapropel) marl layers noted S101 to S112 and 119 
A1 to A5 (Hilgen, 1991; Lourens et al., 1996; Sprovieri et al., 2006).  120 
A total of 61 samples were collected with an average sampling spacing of 80 cm in the 121 
Punta Grande and Punta Piccola sections, including the sapropel layers S101 to S109, S111, 122 
S112, A4, A4/5 and A5 (Figure 1). Both sections are beautifully exposed along the coast, with 123 
no tectonic disturbances or vegetation cover noticeable. Sampling was performed as deep as 124 
possible beneath the surface (i.e. 10 to 30 cm) to collect fresh sediment and avoid the 125 
weathered surface layer of the outcrops. 126 
During the Pliocene, the studied sites were situated in an open marine slope-basin setting 127 
in the Sicily sill, at a water depth of about 600-800 m (Sgarrella et al., 2012). According to the 128 
age model of Lourens et al. (1996), the studied time interval spans the Piacenzian (late 129 
Pliocene), from the Zanclean/Piacenzian boundary (3.6 Ma) to the Piacenzian/Gelasian 130 
boundary coincident with the sapropel A5 mid-point (2.59 Ma), and comprises the Planktic 131 
Foraminifera Zones MPL4B and MPL5A (Cita, 1975) and the Calcareous Nannofossil Zones 132 
MNN 16a and MNN 16b-17 (Rio et al., 1990) (Figure 1). This age model was used to 133 
determine the sedimentation rates in the studied sections. 134 
 135 
2.2. Calcareous nannofossil analyses 136 
Slides for quantitative counts of calcareous nannofossils were prepared following the 137 
Random Settling method of Geisen et al. (1999). A small amount of dried sediment powder 138 
(10 mg) was mixed with water (with basic pH, over-saturated with respect to calcium 139 
carbonate) and the homogenised suspension was allowed to settle for 24 hours onto a cover 140 
slide. The slide was dried and mounted on a microscope slide with Rhodopass. Four hundred 141 
calcareous nannofossils (coccoliths and nannoliths) were counted in a variable number of 142 
fields of views (between 15 and 30 according to the richness of the sample) using a polarizing 143 
optical ZEISS microscope (magnification 1000x). 144 
Absolute abundance of calcareous nannofossils per gram of sediment was calculated using 145 
the formula:  146 
X = (N·V)/(M·A·H)                                                                         (1) 147 
where X is the number of calcareous nannofossils per gram of sediment; N the number of 148 
nannofossils counted in each sample; V the volume of water used for the dilution in the 149 
settling device (475 cm3); M the weight of powder used for the suspension (g); A the surface 150 
considered for nannofossil counting (cm2); H the height of the water over the cover slide in 151 
the settling device (2.1 cm). Species-specific relative abundances (percentages) were also 152 
calculated from the total nannofossil content. 153 
Taxonomic concepts adopted here followed the species classification according to Young 154 
and Bown (1997). The preservation of calcareous nannofossils (degree of etching and 155 
overgrowth) was estimated by optical and scanning electron microscopy observations, using 156 
the recommendations of Roth (1984). 157 
 158 
2.3. Total Organic Carbon analyses 159 
Sub-samples (ca. 50 mg of ground samples) were acidified with 2N HCl in pre-cleaned 160 
(combustion at 450°C) silver capsules until effervescence ceased, dried in an oven (50°C) and 161 
wrapped in tin foil before analyses. Duplicate Total Organic Carbon (TOC) analyses were 162 
performed with a Thermo FlashEA 1112 elemental analyzer using aspartic acid (36.09% of 163 
carbon) and nicotinamid (59.01% of carbon) as calibration standards. Repeated measurements 164 
of an in-house reference material (fine grounded low carbon sediment) were made to 165 
calibrate. Reproducibility achieved for duplicate analyses of all samples was better than 10% 166 
(coefficient of variation). 167 
 168 
2.4. Lipid-biomarker analyses 169 
Sixty-one samples were studied for alkenone content and 44 samples for long-chain diol and 170 
GDGT analyses. For each sampling interval, approximately 30 g of sediments was ground 171 
and extracted using sonication in Dichloromethane (DCM; 5 x 50 mL). Following 172 
evaporation of the solvent, the total lipid extract was separated into four lipid fractions of 173 
increasing polarity by chromatography over a Macherey-Nagel Chromabond® SPE (silica-174 
NH2) cartridge with hexane, Hexane/DCM (3:1 v/v), DCM/acetone (9:1 v/v) and Methanol 175 
(MeOH) as eluents, respectively. Each fraction was dried under nitrogen flow before 176 
chromatography analyses. 177 
Alkenones, contained in the second fraction (Hexane/DCM), were quantified by using a 178 
gas chromatograph with a flame ionization detector (GC/FID) and hexatriacontane (n-C36 179 
alkane) as an internal standard (added in the sample before injection). GC/FID analyses were 180 
performed on an HP-6890 Series gas chromatograph configured with an on-column injector 181 
and an HP5 capillary column (30 m length, 0.32 mm internal diameter, 0.25 µm film 182 
thickness). Helium was used as the carrier gas at constant flow (1.1 ml/min). The oven 183 
temperature was programmed from 60°C (held for 1 min) to 130°C at 20°C/min, and then to 184 
310°C (held for 20 min) at 4°C/min. The reproducibility achieved for duplicate alkenone 185 
quantifications was estimated to be better than ±10% (coefficient of variation).  186 
The global calibration of Müller et al. (1998), based on global core-top sediments (n = 187 
370), was used to convert UK’37 values into SSTs.  188 
U
K’
37 = 
[C37 :2]
[C37 :2]+ [C37 :3]
																																																																																										(2) 
UK’37 = 0.033(SST) + 0.044       (3) 189 
where C37:2 and C37:3 are di- and tri- unsaturated C37 alkenones, respectively  190 
The standard error of the calibration is ± 1.5°C and analytical precision (1 σ) for duplicate 191 
analyses is 0.2°C.  192 
Following quantifications of alkenones, some alkenone fractions were reduced to the 193 
corresponding unsaturated alcohols (alkenols) using NaBH4 as described by Rontani et al. 194 
(2011). This allows detecting small amounts of alkenones since alkenols display better 195 
chromatographic characteristics. 196 
Long-chain alkyl diols, isolated in the third fraction (DCM/acetone), were quantified by 197 
gas chromatography coupled to mass spectrometry (GC/MS) with electron impact ionization. 198 
Analyses were performed on a Agilent 6890N spectrometer interfaced to an HP6890 gas 199 
chromatograph equipped with an on-column injector and a DB-5MS capillary column (30 m x 200 
0.25 mm x 0.25 µm). The oven temperature was programmed from 70°C (held for 0.5 min) to 201 
130°C at 20°C/min, and then to 250°C at 5°C/min, finally reaching 300°C at 3°C/min (held 202 
for 30 min). The carrier gas (Helium) was maintained at 0.69 bar until 44 min and then 203 
programmed from 0.69 to 1.5 bar at 0.04 bar/min. To avoid potential biases due to co-elution, 204 
diols were quantified using specific fragment ions (see Versteegh et al., 1997) and 205 
hexatriacontane (n-C36 alkane) as an external standard. The reproducibility of the 206 
quantification was estimated to be ±10% (coefficient of variation).  207 
The Long-chain Diol index (LDI) was calculated and converted into SSTs using the 208 
calibration of Rampen et al. (2012). This calibration is based on marine surface sediment data 209 
from different oceans (n = 162).  210 
LDI = 
[C30-1, 15]
[C28-1, 13] + [C30-1, 13] + [C30-1, 15]
 																																																	(4) 
LDI = 0.033(SST) + 0.095        (5) 211 
where C30-1,15, C28-1,13, and C30-1,13 indicate triacontane-1,15-diol (C30-1,15), 212 
octacosane-1,13-diol (C28-1,13), and triacontane-1,13-diol (C30-1,13), respectively. 213 
The standard error for the calibration is ± 2°C and analytical precision (1 σ) for duplicate 214 
analyses is 0.5°C. SST based on LDI could be calculated only in 34 samples, due to low 215 
abundances of C28-1,13 diol in the other 10 samples. 216 
The Diol index was also determined for the studied samples. This index, based on the ratio 217 
of C30 vs. C32 1,15-diols, is sometimes used as a proxy for freshwater inputs (Versteegh et al., 218 
1997). 219 
The most polar fraction (4th, MeOH) was prepared for GDGT analysis (GDGTs were only 220 
present in the 4th fraction). A synthetic tetraether standard was added as surrogate to the 221 
fraction which was then re-dissolved in Hexane/Propanol (99:1 v/v), sonicated during 5 min 222 
and filtered using a 0.50 µl PTFE filter prior to injection. A Dionex P680 HPLC system 223 
coupled to a Thermo Finnigan TSQ Quantum Discovery Max quadrupole mass spectrometer 224 
with an APCI (Atmospheric Pressure Chemical Ionization) interface was used. The target 225 
compounds were separated using a Tracer Excel CN column (0.4 cm diameter, 20 cm length, 226 
3 µm particle size; Teknokroma) equipped with a precolumn filter and a guard column. 227 
Samples were eluted with hexane/n-propanol at 0.6 mL/min. The amount of n-isopropanol 228 
was held at 1.5 % for 4 min, increased gradually to 5.0 % during 11 min, then increased to 10 229 
% during 1 min and held at 10 % for 4 min, then decreased to 1.5 % during 1 min and held at 230 
1.5 % for 9 min until the end of the run (Escala et al., 2009). Selected ion monitoring (SIM) 231 
was set to scan the five [M+H]+ ions of the isoprenoid GDGTs and the [M+H]+ ions of the 232 
three major branched GDGTs (Schouten et al., 2013). The reproducibility of the 233 
quantification is estimated to be ±10% (coefficient of variation).  234 
The TEX86 was calculated and converted into sea (sub)surface temperature according to 235 
Kim et al. (2010). This calibration is based on core-top sediment data (n = 255) covering 236 
different oceanic locations, but excluding (sub)polar regions.  237 
TEXH86 = log ( 
[GDGT-2] + [GDGT-3] + [Cren’]
[GDGT-1] + [GDGT-2] + [GDGT-3] + [Cren’]
  )														(6) 
 T = 68.4 x TEXH86 + 38.6       (7) 238 
GDGT-1, GDGT-2 and GDGT-3 are isoprenoid GDGTs containing 1, 2, and 3 cyclopentane 239 
moieties, respectively. Cren’ indicates crenarchaeol regio-isomer. 240 
The standard error of temperature estimate is ± 2.5°C and analytical precision (1 σ) for 241 
duplicate analyses is 0.5°C. 242 
 243 
2.5. Mass accumulation rates 244 
The coccolith abundances, TOC and lipid-biomarker contents were expressed in 245 
accumulation rates to overcome the effects of a variable sedimentary dilution on nannofossil 246 
and organic matter concentrations (Figure 2). Accumulation rates (/cm2/yr) were determined 247 
by multiplying the density of the calcite (2.7 g/cm3) and the sedimentation rate (cm/yr) with 248 
the coccolith absolute abundances (specimens/g of sediment), organic matter content (g/g of 249 
sediment) and lipid-biomarker content (ng/g of sediment).  250 
 251 
3. Results 252 
 253 
3.1. Sedimentation rates  254 
The sedimentation rate significantly increased at the top of the section (Figure 1). Between 255 
3.6 and ~3 Ma (between 0 and 20.2 m), the sedimentation rate was of 3.4 cm/kyr but slightly 256 
increased (5.4 cm/kyr) between 3 and ~2.7 Ma (between 20.2 and 36.5 m). Between ~2.7 Ma 257 
and 2.6 Ma (between 36.5 and 48.4 m), the sedimentation rate significantly increased and 258 
reached values ca. twice as high than the previous interval (11.7 cm/kyr). 259 
 260 
3.2. Calcareous nannofossil assemblages  261 
Optical and scanning electron microscopy observations show that calcareous nannofossils 262 
are generally well preserved in all investigated samples, with very limited etching and 263 
overgrowth, both in sapropels and non-sapropel layers (Plate 1). Coccolith assemblages are 264 
well preserved and thus not biased by selective dissolution in the water column or diagenetic 265 
effects, as also reported in previous studies at Punta Grande/Punta Piccola (Sprovieri et al., 266 
2006; Beltran et al., 2007). 267 
The calcareous nannofossil accumulation rate (on average 61x106 nannofossils/cm2/yr) 268 
shows a significant stratigraphic trend across the Piacenzian. Between 3.6 and 3.1 Ma, 269 
accumulation rates are highly variable but a decreasing trend is observed (from ~80x106 to 270 
~40x106 nannofossils/cm2/yr; Figure 2a). Between 3.1 and 2.8 Ma, low accumulation rates are 271 
recorded (40x106 nannofossils/cm2/yr on average), with even lower values in sapropels 272 
(36x106 nannofossils/cm2/yr), but values progressively increase afterwards (between 2.8 and 273 
2.6 Ma) reaching 165x106 nannofossils/cm2/yr at the top of the section (Figure 2a). Lower 274 
accumulation rates are observed in sapropels A4/5 and A5, but not in layer A4 probably due 275 
to the lower sampling resolution in this interval (Figure 2a). 276 
Nannofossil assemblages are dominated by the genera Reticulofenestra and Dictyococcites, 277 
which account together for, on average, 70% of the total nannofossils (see Figure S1 in 278 
Supplementary data). Reticulofenestra is represented by the species R. pseudoumbilicus, R. 279 
minutula and R. minuta, and Dictyococcites by D. antarcticus, D. hesslandii and 280 
Dictyococcites spp. (specimens smaller than 3µm). The genus Pseudoemiliania is present in 281 
lower proportions (4% of the total nannofossils) and is only represented by the species P. 282 
lacunosa. Small Gephyrocapsa species (< 3µm) are also identified but these are too rare to be 283 
statistically significant (<0.1%). The oligotrophic nannolith Discoaster is present in low 284 
proportions (2% of the total nannofossil assemblage) but shows increased abundances (up to 285 
10.5%) in most of the sapropels S101-S112. The ratio between the oligotrophic nannolith 286 
Discoaster (e.g., Flores et al., 2005) and the mesotrophic species R. minutula and 287 
Dictyococcites spp. (Flores et al., 2005) shows an increasing trend between 3.1 and 2.8 Ma 288 
and value peaks in the sapropel layers (Figure 2b). The remaining nannofossil taxa 289 
(Coccolithus spp., Umbilicosphaera spp., Helicosphaera spp., Pontosphaera spp., Calcidiscus 290 
spp., Scyphosphaera spp., Sphenolithus spp.) account for 25% of the total nannofossil 291 
assemblage on average (see Figure S1).  292 
 293 
3.3. Total organic carbon  294 
The total organic carbon content of the studied samples shows relatively low mean values 295 
(0.4 wt.%) with higher values (0.6 wt.%) recorded in sapropel layers (except for S105, S108 296 
and A5). TOC accumulation rates are relatively constant (0.0011 g/cm2/yr) between 3.6 and 297 
2.75 Ma, but they progressively increase upwards (from 2.75 to 2.6 Ma) with values reaching 298 
0.0109 g/cm2/yr at ~2.58 Ma (Figure 2c).  299 
 300 
3.4. Lipid-biomarkers 301 
Alkenone accumulation rates (comprising all alkenones identified) correlate relatively well 302 
with that of TOC (R2 = 0.41; p < 0.0001). The total accumulation rates are relatively low (3.7 303 
ng/cm2/yr in average), but higher values are recorded in sapropels, reaching up to 47.6 304 
ng/cm2/yr for sapropel S107 (Figure 2d). Alkenone accumulation rates remain relatively 305 
constant (2.2 ng/cm2/yr) between 3.6 and 2.8 Ma (except peaks observed in sapropels), but 306 
they increase afterwards with values reaching 35.1 ng/cm2/yr (Figure 2d). Five major 307 
alkenones were present in all the samples, namely: heptatriacontatrien-2-one (MeC37:3), 308 
heptatriacontadien-2-one (MeC37:2), octatriacontadien-3-one (EtC38:2), octatriacontadien-2-one 309 
(MeC38:2) and nonatriacontatrien-3-one (EtC39:2). The alkenone distribution differed in 310 
sapropels S102, S107 and S112 with higher proportions of EtC38:2 (and also of EtC39:2) and 311 
reduced proportions of MeC37:2 (Figure 3). The NaBH4 reduction of alkenones to the 312 
corresponding alkenol silyl ethers (Rontani et al., 2011) sometimes allowed the identification 313 
of three additional alkenones (under their alkenol form) yet with an unknown number of 314 
unsaturation: one EtC40:x alkenone and two co-eluting Me- and EtC41:x alkenones (Figure 3).  315 
Long-chain alkyl diols are also correlated to TOC (R2 = 0.67; p < 0.0001) and alkenones 316 
(R2 = 0.49; p < 0.0001) but they show in general lower accumulation rates (1.2 ng/cm2/yr) 317 
(Figure 2d). Higher diol accumulation rates are recorded in sapropel layers, in particular in 318 
S101, S105, S107, S109, A4, A4/5 and A5 (with values up to 17.3 ng/cm2/yr). The lowest 319 
accumulation rates of diols are observed between 3.6 and 3.1 Ma (0.1 ng/cm2/yr). Both 1,14-320 
diols, produced by Proboscia diatoms (Rampen et al., 2007) and 1,13- and 1,15-diols 321 
produced by Eustigmatophyceae (Versteegh et al., 1997) are present in the studied samples 322 
but the very low amount of 1,14-diols did not allow considering the two diol groups 323 
separately. The data thus represent the total pool of long-chain diols.   324 
Total GDGTs show much lower accumulation rates (ca. 1·10-2 ng/cm2/yr) than 325 
phytoplanktonic lipids, but peaks are recorded at ~3.2 Ma, in sapropels S101, S107, S109, 326 
A4/5 and at ~2.61 Ma (with values up to 14.5·10-2 ng/cm2/yr) (Figure 2e). Isoprenoidal 327 
GDGT accumulation rates are ca. twice as high than that of branched GDGTs (2·10-2 328 
ng/cm2/yr and 1·10-2 ng/cm2/yr, respectively), except between ~3.03 and 2.8 Ma where 329 
accumulation rates of both GDGT pools are roughly similar (0.38·10-2 ng/cm2/yr and 0.42·10-2 330 
ng/cm2/yr for iGDGTs and brGDGTs, respectively) (Figure 2e).  331 
In the present study, we used branched GDGT contents to track changes in soil terrestrial 332 
input rather than the Branched and Isoprenoid Tetraether (BIT) index. The BIT index was 333 
proposed as a proxy for the relative input of soil organic matter to coastal marine sediments, 334 
and has been used to estimate terrestrial organic matter input (e.g., Hopmans et al. 2004; 335 
Weijers et al., 2009). However, its application can be complicated by (i) high inputs of soil-336 
derived crenarchaeol, (ii) in situ production of brGDGDTs in the aquatic environment or (iii) 337 
changes in archaea abundances in the water column through time. Thus, the BIT index is not 338 
just a terrigenous input indicator, as it also depends on the inputs of crenarchaeol closely 339 
linked to export productivity, and the quantification of branched GDGTs has been suggested 340 
to be a better terrestrial input indicator in some settings (e.g., Fietz et al., 2011).   341 
 342 
3.5. Marine temperatures 343 
Both LDI and UK′37 proxies attest for relatively stable SSTs throughout the late Pliocene, 344 
with mean temperatures of 24.7°C and 25.6°C, respectively (Figure 4a and b). In spite of 345 
these relatively long-term stable temperatures, an increase in SSTs is recorded by both 346 
phytoplanktonic paleothermometers for most sapropels (mean temperatures of 25.1°C and 347 
26.4°C for LDI and UK′37, respectively). This systematic increase seems more pronounced in 348 
sapropels S101-S112 than in sapropels A4-A5 (Figure 4a and b).  349 
Noticeably, the TEX86 temperatures, which may also reflect a subsurface signal (e.g., 350 
Huguet et al., 2007), show a pattern that is in line with SSTs reconstructed with the two other 351 
organic proxies before (~3.4-3.1 Ma) and after (~2.8-2.6 Ma) the deposition of sapropels 352 
S101-S112 (Figure 4c). During these periods, TEX86, LDI and UK′37 temperature values are 353 
very similar within the error range of the proxies (± 2.5°C for TEX86), yielding an average 354 
temperature of 24-25°C (Figure 4c). However, large discrepancies are observed among the 355 
temperature proxies between 3.1- and 2.8 Ma, with a mean TEX86 temperature value of 19°C 356 
that is substantially (about 6°C) cooler than UK′37 and LDI temperatures.  357 
 358 
4. Discussion 359 
4.1. Temperature changes associated with sapropels 360 
 361 
Our results show that SSTs based on UK′37 and LDI systematically increased during 362 
sapropel formation (Figure 4a and b). These would be in agreement with previous reports that 363 
suggested higher temperatures during the deposition of these dark sedimentary layers based 364 
on vegetation markers (Combourieu Nebout et al., 2004), alkenone distribution (Beltran et al., 365 
2007) and foraminifera assemblages (e.g., Sprovieri et al., 2006). Our estimates also agree 366 
with those reported by Herbert et al. (2015) using UK′37 for the same location and the same 367 
period, indicating that sapropels occurred in intervals of warmer SSTs. However, the record 368 
presented by Herbert et al. (2015) seems to show that SST variability was the same for both 369 
sapropel series (S101-112, A1-A5). The apparent less pronounced SST increase observed for 370 
sapropels A4-A5 in our study may be explained by a lower sampling resolution in this 371 
interval (Figure 4a).  372 
The LDI is a recently developed paleothermometer that, so far, has only been used to 373 
reconstruct SSTs during the Quaternary period (e.g., Rampen et al., 2012). Here, LDI 374 
generally yields lower SST estimates than UK′37 (Figure 4a and b), but values stay within the 375 
error range of both proxies. In spite of a still incomplete and less robust calibration, our 376 
results highlight the potential use of the LDI proxy for pre-Quaternary periods. 377 
The deposition of the present sapropels has been related to precession minima, implying 378 
hotter summer conditions in the Northern Hemisphere as a consequence of enhanced 379 
insolation (Hilgen, 1991; Lourens et al., 1996). Mean air temperatures (MAT) could be 380 
reconstructed from the present set of samples using the degree of methylation and cyclization 381 
of bacterial branched tetraethers (MBT’/CBT; Peterse et al., 2012; see Supplementary data 382 
and Figure S2). Our MAT estimates show concomitant changes with LDI and UK’37 sea 383 
temperatures between 2.8 and 2.6 Ma (Figure S2), which further supports that SST changes 384 
were related to higher MATs caused by higher insolation. Temperature changes seem to have 385 
affected the water column from the surface to the subsurface during the studied time interval 386 
as attested by the TEX86 index. Between 3.1 and 2.8 Ma, large discrepancies between TEX86 387 
and UK’37-LDI temperature values are however observed. These discrepancies may hardly be 388 
explained by a selective degradation of GDGTs which appear relatively resilient (Kim et al., 389 
2009). Instead, it might be caused by an input of terrestrial GDGTs biasing the marine TEX86 390 
signal as it has been described previously in the Mediterranean Sea (Leider et al., 2010). This 391 
bias may be the result of enhanced freshwater supply as discussed below (section 4.2.1). 392 
 393 
Reconstructed SSTs based on UK′37 and LDI are ~4°C higher than modern Mediterranean 394 
SSTs, which is consistent with the climatic conditions inferred for the late Pliocene from 395 
paleoclimate modeling (Haywood et al., 2002). Our estimates are however higher than values 396 
reported in the PRISM dataset, which is mainly based on quantitative analyses of planktonic 397 
foraminiferal faunas (Dowsett et al., 2012). Herbert et al. (2015) have argued that alkenones 398 
provide more accurate estimates of mean annual SST than those provided by planktonic 399 
foraminifera, although the differences observed between foraminiferal indices and alkenone 400 
SST estimates would merit more investigation. The systematic increase in SST observed in 401 
the S and A sapropel series is particularly interesting in the context of relatively stable 402 
temperatures characterizing the late Pliocene. This record may indeed highlight the role of 403 
seasonal insolation and land-sea heating contrasts in the formation of these organic-rich 404 
deposits by driving variations in rainfall over northern Africa and southern Europe (Herbert et 405 
al., 2015). Generally, the formation of Pleistocene and Holocene sapropels is not associated 406 
with a systematic temperature change (e.g., Emeis et al., 1998) contrary to the present 407 
sapropels. It is possible that for these Quaternary sapropels, SST was related to global ice 408 
volume changes, through cooling from inland glaciers and lowered snowlines in northern 409 
Mediterranean, and did not directly reflect warming due to higher insolation (Emeis et al., 410 
1998) as in the present case. A major difficulty in comparing Punta Grande/Piccola’s 411 
sapropels with those from the Pleistocene and Holocene derives from the fact that Quaternary 412 
sapropels were deposited in a context of wider climate variability, controlled by 41 kyr 413 
(obliquity) and/or 100 kyr (eccentricity) cycles related to oscillations of the northern ice 414 
sheets, whereas the 23 kyr (precession) cycle was dominant during the deposition of Pliocene 415 
sapropels (Hilgen, 1991). 416 
 417 
4.2. Environmental changes and sapropel formation  418 
 419 
4.2.1. Before the occurrence of first sapropel layers (3.6-3.1 Ma) 420 
The highly fluctuating calcareous nannofossil accumulation rates, with higher proportions 421 
of mesotrophic species (such as R. minutula, R. minuta and Dictyococcites spp.) relative to the 422 
oligotrophic nannolith Discoaster (Figure 2a and b), indicate moderate but very fluctuating 423 
primary productivity in sea surface waters before the occurrence of sapropels S101-S112 (3.6-424 
3.1 Ma). The relatively low TOC and lipid-biomarker accumulation rates recorded in this 425 
interval (Figure 2c and d) are in agreement with a relative nutrient-limited environment. Also, 426 
planktonic and benthic foraminifera indicate a relatively nutrient-limited environment, with 427 
abundance peaks (up to 30-60 %) of the oligotrophic planktonic species Globigerinoides 428 
obliquus and Globigerinoides quadrilobatus (Sprovieri et al., 2006). Abundance increases in 429 
oligotrophic species alternate with short periods of high proportion of hypoxic/eutrophic 430 
benthic foraminifera, although oxic/oligotrophic benthic species generally dominate in this 431 
interval (Figure 5b and c; Sgarrella et al., 2012). All these observations are in accordance with 432 
rather low export productivity before 3.1 Ma, with short periods of enhanced productivity 433 
(Figure 7a).  434 
 435 
4.2.2. Sapropel layers S101-S112 (3.1-2.8 Ma) 436 
The low nannofossil accumulation rates observed after 3.1 Ma (Figure 2a) indicates that 437 
sapropels S101-S112 were deposited during a time interval (3.1-2.8 Ma) characterized by 438 
oligotrophic conditions within the photic zone (Figure 7b). Higher proportions of the 439 
oligotrophic nannolith Discoaster vs. mesotrophic species (R. minutula and Dictyococcites 440 
spp.) are recorded in most sapropel layers (Figure 2b), further attesting for the development of 441 
oligotrophic sea surface waters. Van Os et al. (1994) argued that the nannofossil assemblage 442 
observed in sapropel S102 from Punta Piccola was the result of enhanced dissolution, a 443 
phenomenon documented for some foraminifera and calcareous nannofossil species in eastern 444 
Mediterranean sapropels (e.g., Negri et al, 2003). According to these studies, Discoaster is 445 
thought to be more resistant to dissolution than R. minutula or Dictyococcites spp. In the 446 
present study, observations under optical and scanning electron microscopes show well-447 
preserved calcareous nannofossils in both sapropel and non-sapropel layers of the Punta 448 
Grande/Punta Piccola composite section (Plate 1), with only a small degree of etching and/or 449 
overgrowth in agreement with previous studies (Sprovieri et al., 2006; Beltran et al., 2007). 450 
The decrease in abundance of R. minutula and R. minuta coupled to the increase in abundance 451 
of Discoaster is therefore more likely an ecological response to oligotrophic conditions rather 452 
than a bias induced by differential dissolution. Planktonic foraminifera assemblage data 453 
(Sprovieri et al., 2006) show overall low proportions of oligotrophic species but high 454 
proportions of the deep-dweller planktonic foraminifera Globorotalia bononiensis (Figure 455 
5b), indicating increased nutrient concentrations with depth during the deposition of sapropels 456 
S101-S112. Benthic foraminifers are dominated by oxic/oligotrophic species between 3.1 and 457 
2.8 Ma, but high proportions of hypoxic/eutrophic species are recorded in the sapropel layers. 458 
Overall oligotrophic conditions seem to have prevailed in the photic zone during this time 459 
interval, with an enhanced stratification of the water column during the deposition of the 460 
sapropels.  461 
Interestingly, oligotrophy in sea surface waters during sapropel formation may be partly 462 
supported by a distinct alkenone profile observed in sapropels S102, S107 and S112, showing 463 
higher proportions of EtC38:2 and EtC39:2 alkenones coupled to lower proportions of MeC37:2 464 
alkenone (Figure 3). Culture experiments with the contemporary alkenone producers 465 
Emiliania huxleyi and Gephyrocapsa oceanica have indeed shown that, under nutrient 466 
depletion, the relative proportions of MeC37 alkenones decrease while those of Me- and EtC38 467 
and EtC39 increase (Prahl et al., 2003). Then, such a change in alkenone distribution might 468 
indicate stressing environmental conditions for alkenone producers during the deposition of 469 
sapropels S102, S107 and S112, further supporting oligotrophic conditions in surface 470 
Mediterranean waters during the deposition of these layers. 471 
Concomitant with the oligotrophic marine conditions in the surface waters, higher contents 472 
of (terrestrial) branched GDGTs point to higher continental (river) inputs between 3.1 and 2.8 473 
Ma (Figure 6b). The main transfer mechanism of branched GDGTs to marine environments is 474 
transport by rivers (Schouten et al., 2013). This observation is here supported by the so-called 475 
diol index, which indicates brackish-freshwater conditions (values lower than 68%) during the 476 
deposition of sapropels S106-S109 (Figure 6c). These results are in line with oxygen isotope 477 
data of planktonic foraminifera suggesting low-salinity conditions in surface waters, which 478 
have been attributed to increased freshwater input to the Mediterranean linked to the 479 
strengthening of the precessionally-controlled African monsoon (Tang and Stott, 1993; 480 
Beltran et al., 2007). Increased precipitation and continental runoff during the deposition of 481 
sapropels S104-108 have also been evidenced by i) higher proportions of smectite-chlorite 482 
(indicating fluvial erosion and discharge) relative to palygorskite (resulting from aeolian 483 
erosion of Saharan area) clay minerals (Foucault and Mélières, 2000) and ii) increased 484 
Prasynophyceae (freshwater algae) contents in palynomorph assemblages (Combourieu 485 
Nebout et al., 2004) (Figure 6d).  486 
Enhanced freshwater supply between 3.1 and 2.8 Ma may explain the large discrepancies 487 
observed between TEX86 and UK’37-LDI temperature values (Figures 4 and 6a and b). 488 
Previous studies have shown a cold-bias of TEX86-based temperatures occurring in coastal 489 
areas (e.g., Grauel et al., 2013). In particular, Leider et al. (2010) suggested that increased 490 
input of terrestrial isoprenoid GDGTs may bias TEX86 data towards lower temperatures, 491 
which may explain the anomalously low SST values recorded by TEX86 data in Mediterranean 492 
coastal areas. Alternatively, higher freshwater input may have induced a deepening of the 493 
chemocline in the water column, driving archaeal populations responsible for the TEX86 494 
signal to migrate towards cooler subsurface waters (Menzel et al., 2006; Huguet et al., 2007).  495 
 496 
The oligotrophic sea surface water conditions and higher continental inputs, combined 497 
with increased SSTs, attest for the development of an effective thermohaline stratification of 498 
the water column and a lack of nutrient recycling in surface waters during formation of 499 
sapropels S101-S112 (Figure 7c). This thermohaline stratification would account for the 500 
enhanced preservation of organic matter in sapropels, because it would have promoted 501 
reduced ventilation at the water-sediment interface through the weakening of the 502 
Mediterranean anti-estuarine circulation. Although complete anoxic conditions probably did 503 
not develop in bottom waters at Punta Grande/Punta Piccola, benthic foraminifera 504 
assemblages still point to hypoxic conditions during sapropel deposition (Sgarrella et al., 505 
2012; Figure 5c), which would explain the systematic higher TOC and alkenone/diol contents 506 
recorded in these layers (Figure 2c and d). Stratford et al. (2000) have shown that, even with a 507 
modest reduced ventilation of the bottom waters, a weakened Mediterranean anti-estuarine 508 
circulation could decrease bottom water oxygenation sufficiently to enhance organic carbon 509 
deposition. 510 
 511 
4.2.3. Sapropel layers A4-A5 (2.7-2.6 Ma) 512 
The progressive increase in phytoplanktonic biomarkers and TOC accumulation rates from 513 
2.8 Ma (Figure 2c and d), and the concomitant slight increase in the proportions of eutrophic 514 
planktonic foraminifera species Neogloboquadrina acostaensis (Figure 5b; Sprovieri et al., 515 
2006), suggest that sapropels A4-A5 were deposited during a progressive enhancement of 516 
export primary productivity (Figure 7d). This change in nutrient availability in the water 517 
column may reflect paleoceanographic changes linked to the intensification of Northern 518 
Hemisphere glaciations occurring at ~2.7 Ma (Hilgen, 1991; Lourens et al., 1996; Sprovieri et 519 
al., 2006). The associated glacio-eustatic sea level falls would have increased continental 520 
weathering, as attested by an increase in accumulation rates, thus favoring primary 521 
productivity at Punta Piccola.  522 
Contrary to sapropels S101-S112, in A4-A5 layers, the relative abundance of oligotrophic 523 
nannofossil species (Figure 2a and b) does not increase but higher proportions of 524 
hypoxic/eutrophic benthic foraminifers (Sgarrella et al., 2012; Figure 5c) are recorded. This 525 
testifies for enhanced export production from the surface to the deep water during the 526 
formation of this sapropel series. Sgarrella et al. (2012) argued for an increase in river runoff 527 
during the deposition of sapropels A4-A5, in particular for sapropel A5. Fluctuating increases 528 
of the oligotrophic planktonic foraminifera G. quadrilobatus and of G. obliquus together with 529 
peaks of eutrophic species N. acostaensis indeed suggest periods of surface water 530 
stratification and more eutrophic subsurface waters (Figure 5b). This is however not in 531 
accordance with the proportions of branched GDGTs and the Diol index that we observe and 532 
that do not evidence higher terrestrial input between 2.8 and 2.6 Ma (Figure 6b and c). In 533 
addition, very low proportions of the deep-dweller planktonic foraminifera G.bononiensis are 534 
recorded during this interval (Figure 5b). These observations, without excluding sea surface 535 
stratification, rather tend to indicate lower terrestrial inputs during the deposition of sapropels 536 
A4-A5 than during the formation of sapropels S101-S112 (3.1-2.8 Ma). 537 
 538 
Our data further suggest that the deposition of sapropels A4-A5 was more likely controlled 539 
by enhanced primary productivity as attested by the higher alkenone/diol contents of these 540 
layers (Figure 2c and d). Still, a thermohaline stratification cannot be completely excluded, 541 
especially because an increase in SST is also recorded during the deposition of sapropels A4-542 
A5 (Figure 7e), but the temperature-driven effect would be less effective than for sapropels 543 
S101-S112.    544 
 545 
4.2.4. Comparison between the two sapropel series 546 
Our data, coupled with previously reported studies, show that the mechanism responsible 547 
for the formation of sapropels A4-A5 may be distinct from that of sapropels S101-S112. 548 
While these latter were likely formed primarily thanks to a better preservation of organic 549 
matter (Figure 7c), the formation of sapropels A4-A5 was probably due to enhanced primary 550 
productivity (Figure 7e). 551 
Our results appear contradictory to previous works that suggested that sapropels S101-552 
S112 of the Punta Piccola section were due to enhanced primary productivity (e.g., Van Os et 553 
al., 1994; Sgarrella et al., 2012). Our dataset provide, however, evidence of effective 554 
thermohaline stratification during the deposition of sapropels S101-S112. It is possible that 555 
this stratification resulted in a deepening of the nutricline, as it has been suggested to occur 556 
during the formation of Zanclean and Late Pleistocene sapropels (Castradori, 1998; Incarbona 557 
et al., 2011). This hypothesis is further supported by the increased abundances of the deep-558 
dweller planktonic foraminifera Globorotalia bononiensis observed in sapropels S101-S112 559 
(Figure 5b) (Sprovieri et al., 2006). By refurnishing nutritive elements, a deep nutricline 560 
might have then led to an effective downwards export of organic matter from the intermediate 561 
part of the water column. During the deposition of sapropels A4-A5, no significant increase in 562 
the proportions of G. bononiensis is recorded, which suggests a less effective thermohaline 563 
stratification. It is possible that enhanced organic matter input to bottom waters have induced 564 
oxygen-depleted bottom waters through the degradation of organic matter by bacterial 565 
activity, as attested by higher proportions of hypoxic/eutrophic benthic foraminifers (Figure 566 
5b). Enhanced organic matter input could have thus also promoted a better preservation of 567 
organic matter.   568 
These observations would support the idea that, for both Pliocene sapropel series, carbon 569 
concentration in sapropels may have been influenced by both preservation and primary 570 
productivity (Gallego-Torres et al., 2011). The formation of each sapropel series was however 571 
driven by a distinct dominant mechanism, namely preservation for sapropels S101-S112 and 572 
productivity for sapropels A4-A5. 573 
 574 
5. Conclusion 575 
 576 
Cyclic, orbitally-driven temperature increases related to the African monsoon system 577 
promoted water column stratification in the Mediterranean during the relatively stable climate 578 
conditions of the late Pliocene. This mechanism, coupled to the development of a more or less 579 
permanent low-salinity surface layer due to increased continental runoff, certainly played a 580 
role in the formation of sapropels S101-S112 at Punta Grande/Punta Piccola. This indeed 581 
enhanced the stratification of the water column and improved organic matter preservation. 582 
Our multi-proxy study however demonstrates that Pliocene sapropel formation cannot be 583 
exclusively explained by organic matter preservation. Enhanced primary productivity in a 584 
weakly-stratified water column indeed better explains the formation of sapropels A4-A5. In 585 
summary, both sapropel series may be linked to enhanced organic matter preservation and 586 
primary productivity, but a distinct mechanism appears mainly responsible of each sapropel 587 
series.  588 
The present work highlights the necessity of using a multi-proxy approach to obtain a 589 
more comprehensive picture of the environmental context in which sapropels can form. 590 
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Figure captions 780 
 781 
Figure 1. Geographic position and schematic log of the Punta Grande and Punta Piccola 782 
sections. Ages (Lourens et al., 1996) and lithological cycles (Hilgen, 1991) are reported. 783 
Planktic foraminifera and calcareous nannofossil biozones are after Cita (1975) and Rio et al. 784 
(1990) respectively. The evolution in sedimentation rates (cm/kyr) throughout the studied 785 
time interval is also indicated. The picture shows sapropel layers S101-S112 outcropping at 786 
Punta Piccola. 787 
 788 
Figure 2. Calcareous nannofossil, total organic carbon (TOC) and lipid-biomarker contents 789 
during the late Pliocene of Punta Grande/Punta Piccola composite section. (a) Total 790 
calcareous nannofossil accumulation rate (specimen/cm2/yr); (b) ratio (%) between 791 
oligotrophic and mesotrophic calcareous nannofossils; accumulation rates of (c) TOC 792 
(g/cm2/yr); (d) phytoplanktonic biomarkers (alkenones and diols) (ng/cm2/yr); and (e) 793 
glycerol dialkyl glycerol tetraethers (GDGTs) (ng/cm2/yr). Grey-shaded bands indicate 794 
sapropels studied in the present work (S101-S112 and A3-A5).  795 
 796 
Figure 3. Variations in the relative proportions (%) of MeC37:2 + MeC37:3, EtC38:2 and EtC39:2 797 
alkenones at Punta Grande/Punta Piccola composite section. Profiles 1 and 2 are examples of 798 
partial gas-chromatograms. Almost all the studied samples show a similar alkenone 799 
distribution (Profile 1), except sapropels S102, S107 and S112 characterized by a distinct 800 
alkenone distribution with higher proportions of EtC38:2 and EtC39:2 alkenones (Profile 2). 801 
Profiles 1 and 2 were obtained after NaBH4 reduction of alkenones to alkenols (see text), 802 
allowing the detection of EtC40, EtC41 and MeC41 alkenones. 803 
 804 
Figure 4. Reconstructed sea water temperatures during the late Pliocene of Punta 805 
Grande/Punta Piccola composite section. Sea temperatures are derived from (a) the alkenone 806 
proxy UK’37 (eq. 2), (b) the long-chain diol index (LDI; eq. 4), and (c) the tetraether index 807 
TEX86 (eq. 6). Colored-bands represent the error range of temperature estimates for each 808 
proxy, including analytical and calibration errors. Note that the temperature scale for TEX86 809 
(sub)surface temperatures is different from that of UK’37 and LDI SSTs. 810 
 811 
Figure 5. Comparison between (a) oligotrophic relative to mesotrophic calcareous 812 
nannofossil data (this study), and (b) planktonic and (c) benthic foraminifera data (from 813 
Sprovieri et al., 2006; Sgarrella et al., 2012) during the late Pliocene of Punta Grande/Punta 814 
Piccola composite section. 815 
 816 
Figure 6. Data attesting for higher freshwater input during the deposition of sapropels S101-817 
S112. (a) The large discrepancies between TEX86 and UK’37 temperature values observed 818 
between 3.1 and 2.8 Ma are likely explained by higher continental inputs during this interval, 819 
as attested by (b) higher proportions of (terrestrial) branched GDGTs and (c) the diol index 820 
indicating brackish-freshwater conditions. Our data are in agreement with (d) the studies of 821 
Foucault and Mélières (2000) and Combourieu Nebout et al. (2004), who evidenced enhanced 822 
precipitation and continental runoff during the deposition of sapropels S104-108 based on 823 
Palygorskite-Smectie-Chlorite mineral proportions (%) and Prasynophyceae pollen 824 
concentrations (grains/g sed).  825 
 826 
Figure 7. Schematic representations of the environmental conditions and the mechanisms 827 
responsible for the formation of sapropels S101-S112 and A4-A5 during the late Pliocene of 828 
Punta Grande/Punta Piccola composite section. (a) The time interval before 3.1 Ma is 829 
characterized by rather low export productivity, with short periods of enhanced productivity. 830 
(b) Oligotrophic conditions within the photic zone prevailed between 3.1 and 2.8 Ma whereas 831 
(d) an increase in primary productivity is recorded after 2.8 Ma. (c) A strong stratification of 832 
the sea water column enhanced organic matter preservation yielding to the formation of 833 
sapropels S101-S112. (e) Sapropels A4-A5 were formed thanks to enhanced primary 834 
productivity in a weakly-stratified water column.  835 
 836 
Plate 1. Plate showing the overall good preservation of calcareous nannofossils in sapropel 837 
(S) and non-sapropel (NS) layers. (a-b) Sample PP36 (18.15 m); (c-d) Sample PP35 (17.52 838 
m; S102); (e-g) Sample PP54 (22.55 m; S107); (h-i) Sample PP57 (23.16 m). 839 
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We discuss the formation of Pliocene sapropels in Sicily using a multi-proxy approach  
 
Recorded increases in SST indicate that sapropels were formed under warmer conditions  
 
Biomarkers/nannofossils show distinct trophic conditions for two sapropel series  
 
The first is due to better organic matter preservation and thermohaline stratification 
 
The second is due to enhanced productivity in a weakly-stratified water column 
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